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摘  要 

太赫兹辐射有许多优良特性。第一，太赫兹辐射对多数介电材料有良好的穿

透性，例如纸张、塑料、涂层和泡沫。第二，很多有机物的太赫兹光谱具有独特

的特征。第三，太赫兹辐射是非电离辐射，对人体安全。因此，得益于这些特点，

太赫兹技术迅速发展。利用太赫兹辐射的穿透性可以进行无损检测。利用不同物

质对太赫兹辐射的响应具有独特光谱特征的性质，可以通过太赫兹光谱来分析物

质成分，如检测安全检查领域中的毒品、爆炸物等。 

基于太赫兹时域光谱的涂层厚度测量方法是本文的主要研究内容。本文针对

反射式太赫兹时域光谱测量基底上薄层厚度的问题，研究并提出了基于反射太赫

兹光谱分析提取涂层折射率和厚度的方法。 

本文对基底上覆盖有涂层的材料建模为多层材料，太赫兹波入射到材料并进

行传播，利用菲涅尔公式描述太赫兹波在各界面的透射与反射过程，从而得到参

考太赫兹信号和涂层反射太赫兹信号之间的关系，即传递函数的模型。实际测量

时，传递函数中的材料参数和厚度是未知的，用太赫兹时域光谱仪可以测量出参

考和反射太赫兹信号，算法通过差异进化算法迭代传递函数中的未知参数使得时

域信号曲线最小二乘误差降低，而拟合得到传递函数模型中的未知参数，获取被

测涂层的厚度。 

之后，本文设计了一种反射式太赫兹时域光谱测量实验装置。通过该装置把

太赫兹时域光谱仪中的太赫兹发射器和接收器架设成反射式测量布局，让太赫兹

波从上方发射、接收，被测物体放置在下方升降平移台上，有效保证测量的准确

性。再加上算法考虑了液体基底液面变化产生的相位误差，使测量水面油污厚度

成为可能。实验通过使用这一装置，有效测量得到了钢板上的标签厚度和水上油

污的厚度。 

这项研究提供了基于反射式太赫兹时域光谱技术的厚度测量实用方法。此外，

所开发的反射式测量实验装置扩展了太赫兹光谱的应用。 

 

关键词：太赫兹时域光谱;涂层厚度测量;建模;拟合;相位误差 
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Abstract 

Radiation in the Terahertz range has many excellent features; therefore, terahertz 

applications have been developed widely over decades. Firstly, water, metal, and 

dielectric, appear different optical properties at terahertz frequencies. Water is highly 

absorptive in terahertz region, while metals are highly reflective. Thus, dried substances 

can be differentiated from moist ones. Metal objectives are easy to tell. Dielectrics, 

nonpolar and nonmetallic materials, are transparent to terahertz radiation, while usually 

opaque at visible wavelengths. Thus, terahertz spectroscopy can be applied to inspect 

sealed packages, since common packaging materials are dielectric. Secondly, there are 

numerous features such as large-amplitude vibrational motions of organic compounds. 

These characteristics can be exploited by terahertz spectroscopy for analyzing molecular 

composition, such as detection of drugs, explosive products in security check field. 

Besides, it is non-nucleonic and non-ionizing, namely safe. 

The terahertz time-domain spectroscopy technology is a major research direction 

of for this project. This essay aims at determining the thickness of a thin layer on a 

reflective substrate. Methods to obtain the refractive index and layer thickness based on 

analysis of reflected terahertz wave are researched and presented. 

Applications of terahertz spectroscopy on thickness measurements were researched. 

Simulations were applied to test and modify the algorithm. We model the sample as multi-

layer material. Terahertz wave incident at the material, and the transmission and reflection 

at the interfaces are described by Fresnel equations. The relationship between incident 

radiation and reflected terahertz wave is the model of transfer function. The unknow 

parameters in the transfer function model are obtained by fitting the time-domain spectra 

curve, through which we get the thickness of the coating. 

After that, a new experimental setup is designed. The terahertz transmitter and 

receiver of the spectrometer are mounted on a guide. Terahertz wave is emitted and 

detected from the top, and the sample is placed on a platform below. This setup ensures 

the accuracy of the measurements and broadens application range. By using this setup, 

we performed experiments to measure the thickness of a sticker on a steel plate and oil 
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on water. The uneven distribution of oil on the surface of the water causes changes in the 

liquid surface position. The algorithm innovatively introduces an unknown variable of 

the position of the liquid surface, making it possible to measure the thickness of oil 

contamination on the surface. 

This research confirms the previous findings and gives us a practical method for 

reflective terahertz spectroscopy. Additionally, the experimental setup and the 

consideration of change in liquid surface level contribute to the existing modelling 

knowledge. 
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Chapter 1    Introduction and Motivation 

1.1 Features of Terahertz Radiation 

Terahertz (THz) radiation is electromagnetic radiation; its frequency lies between 

infrared and microwave. Radiation in the Terahertz range is typically defined as 0.1 – 10 

THz, wavelength between 30 μm and 3 mm. [1]  

 

Figure 1. 1 Terahertz band in the electromagnetic spectrum [1] 

Terahertz radiation has many excellent features. It penetrates through nearly all 

dielectric materials: paper, plastics, coatings, and foams. It has characteristic features for 

numerical organic materials. It is non-nucleonic and non-ionizing, namely safe. These 

features give rise to rapid progress of terahertz technology. 

Firstly, three largely grouped condensed matter: water, metal, and most of other 

dielectric, appear different optical properties at terahertz frequencies. Water is highly 

absorptive in terahertz region, while metals are highly reflective. Most of dielectrics, 

nonpolar and nonmetallic materials, are penetrable to terahertz radiation, while usually 

opaque at visible wavelengths. Thus, terahertz spectroscopy can be applied to inspect 

sealed packages, since common packaging materials are dielectric. Non-destructive test 

is one of the important applications of terahertz spectroscopy. 

Additionally, the molecular dynamics or lattice vibration occurs in time scale of 

picoseconds ( 10  s), which corresponds to THz frequencies. Therefore, material 
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responses to terahertz radiation appears spectral features. For example, absorption by 

water vapor shows spectral signatures in terahertz region; thus, dried substances can be 

differentiated from moist ones. Furthermore, there are numerous features such as large-

amplitude vibrational motions of organic compounds. These characteristics can be 

exploited by terahertz spectroscopy for analyzing molecular composition, such as 

detection of drugs, explosive products in security check field. 

1.2 Terahertz Time-Domain Spectroscopy (THz-TDS) 

The terahertz time-domain spectroscopy technology is a major research direction 

of for this project. Broadband terahertz spectroscopy for scientific research is well-

established with a growing number of techniques and applications. Typically, a 

broadband terahertz spectrometer adopts femtosecond laser to generate broad band 

spectra and detect terahertz pulses. [2] Coherent field detection yields high resolution 

time-domain spectra, from which both the amplitude and phase of terahertz spectra can 

be obtained. 

In previous research phase, our research group has developed a terahertz time-

domain spectrometer prototype successfully [3].  

 

Figure 1. 2 Optical path schematic diagram of the portable THz time domain spectrometer [3] 

This technology is pump–probe spectroscopy. A laser generates femto-second 

optical pulses. The optical beam is split into two by a beam splitter. The pump beam is 
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focused onto a photoconductive antenna, which generates terahertz pulses. An electro-

optical crystal is set up to detect the terahertz signal passed through the specimen. The 

probe beam is guided to an optical delay line. Changing its length changes the arrival time 

of the detection pulse with respect to the Terahertz pulse at the detector. When repeating 

the measurement of the Terahertz field at the detector for a set of different delays, the 

Terahertz waveform is being sampled in its entirety.  

1.2.1 Terahertz Generation 

Generation of broadband terahertz radiation is the core of terahertz time-domain 

spectroscopy. There are typically two ways to generate broadband terahertz radiation. 

One way is to exploit a nonlinear crystal where incident electromagnetic waves 

undergo nonlinear frequency conversion. [1] Femtosecond laser pulses generate 

broadband terahertz pulses via optical rectification. 

 

Figure 1. 3 Terahertz radiation from nonlinear crystal 

Terahertz radiation can also be generated from a biased photoconductive antenna 

(PCA) excited by laser beams. A PCA consists of two metal electrodes on a 

semiconductor substrate. A direct current (DC) bias is applied between the electrodes. An 

optical beam generates photocarriers when the gap between the electrodes is illuminated, 

and the free carriers are accelerated by the static DC bias electrical field. Simultaneously, 

the charge density declines primarily by trapping of carriers in defect sites on the time 

scale of carrier lifetimes. The impulse current arising from the acceleration and decay of 

free carriers is the source of the sub picosecond pulses. This photocurrent varies in time 

corresponding to the incident laser beam intensity; consequently, it produces broadband 

Terahertz pulses. [1] 
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Figure 1. 4 Terahertz radiation from PCA 

In this spectrometer developed by our laboratory, broadband terahertz radiation is 

generated by a photoconductive antenna. 

1.2.2 Terahertz Detection 

The detection of terahertz waves is an inverse process of terahertz wave generation. 

There are also two methods of electro-optic sampling detection and photo-conduction 

sampling detection using nonlinear crystals and photoconductive antennas. The pump-

probe detection technique uses equivalent time sampling. One of the most attractive 

features of pump-probe terahertz spectroscopy is the ability to coherently detect the 

terahertz field, both amplitude and phase. This allows one not only to determine the 

absorption and dispersion properties of samples simultaneously, but also results in a far 

higher sensitivity/dynamic range compared to square-law (intensity) detection with a 

thermal detector or conventional photodiode. [2] 

 

Figure 1. 5 Principle of time-domain sampling of a THz pulse using fs-optical gate pulses 
as a function of pulse delay τ [2] 

In our terahertz time-domain spectrometer, nonlinear crystals ZnTe is used for 

detection, employing the electro-optic Pockel’s effect. Terahertz electric field induces an 

instantaneous birefringence [1] (difference in the refractive indices along each crystal axis) 

in the crystal, which leads to a change in the polarization state of the co-propagating 

optical pulse. A pair of photodetectors detects the difference between the two polarization 

optics and obtain the terahertz electric field intensity. 
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Figure 1. 6 Schematic diagram of a typical setup for free-space electro-optic sampling. 
Probe polarizations with and without a THz field are depicted before and after the polarization 

optics [1] 

1.2.3 Fiber-coupled terahertz spectrometer 

Researchers all over the world have a lot of research about fiber-coupled terahertz 

spectrometers. 

As early as 2000, the world's first commercial Terahertz system T-Ray2000 came 

out, launched by the American company Picometrix. This system uses a mode-locked 

Ti:sapphire laser with a working wavelength of 750-850 nm to generate a laser pulse with 

a duration of 100 fs. The laser pulse is passed through the grating dispersion pre-

compensation device twice to obtain a negative dispersion, and then passes through the 

fiber. Propagation illumination is applied to the photoconductive antenna. The optical 

delay line uses a delay device that moves in free space along a straight line. The time 

window of this system is 30 ps, the bandwidth can reach 0.03-3 THz, the scan rate can 

reach 22 Hz, and the resolution can reach 33 GHz. [4] 

In 2007, Vieweg et al. [5]built a terahertz time-domain spectroscopy system on a 

90*90 cm vibration isolation optical platform in the laboratory. It can be used industrially 

by insulating the light path in an aluminium box to isolate dust. In the relatively compact 

system, a femtosecond Ti:sapphire laser with a working wavelength of 780 nm is also 

used. The laser pulse is subjected to a negative dispersion by the grating dispersion pre-

compensation device, and then propagated through the optical fiber to the 
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photoconductive antenna. The optical delay line uses free space. A delay device that 

vibrates along a straight line. The signal to noise ratio of this system can reach 75 dB. 

Frank Ellrich et al. [6]used optic fiber terahertz spectrometers with a laser whose 

center wavelength of 800 nm. They also pointed out that using 1.5 μm wavelength lasers 

instead of 800 nm lasers can save costs and make the system more integrated. 

Using a laser with a wavelength of 1.55 μm, the antenna base material for the 

terahertz-wave emission needs to be changed, and the integration of the optical fiber and 

the overall layout of the system are also different. 

The world's first all-fiber terahertz time-domain spectroscopy system using a 1.5 

μm wavelength laser was proposed by Sartorius et al. [7] in 2008. The key component 

that can be achieved in this way is the novel low-temperature growth InGaAs/InAlAs 

multilayer photoconductive antenna. The photoconductive antenna is incorporated into 

the module to achieve full fiber. The laser selected was Menlo Systems, and the laser 

wavelength was 1550 nm, and the duration was 100 fs. The JDS-Fitel HD4 was used as 

the delay line. The bandwidth they achieve is up to 3 THz. 

The South Korean team of Sang-Pil Han and others focused on the generation of 

terahertz waves in response to 1.5 μm wavelength lasers and the investigation of optical 

fiber-integrated photoconductive antenna modules, taking into account antenna structure, 

packaging, heat dissipation, and integration issues. [8] In 2011, a fiber-optic terahertz 

time-domain spectroscopy system was established by them. [9] The laser used was Menlo 

Systems. The laser pulse duration was 70 fs. The dispersion compensation fiber was used 

for negative dispersion pre-compensation. The bandwidth is 2 THz, and the resolution is 

1.2 GHz. 

In 2014, Vieweg et al. built a fiber-based terahertz time-domain spectroscopy 

system with a peak dynamic range of 90 dB, creating a new world record in commercial 

systems. [10] The optical delay line is a motor-driven corner cube prism, with a 4-fold 

optical path that can reach 3000 ps delay. The laser used was Toptica FemtoFErb 1560. 

The laser pulses emitted were also subjected to negative dispersion pre-compensation via 

a dispersion-compensating fiber. The photoconductive antenna used a low-temperature 



 
 

Chapter 1    Introduction and Motivation 

7 
 

growth InGaAs/InAlAs multilayer photoconductive antenna, the bandwidth can reach 4.5 

THz. The system is packaged in a 48*40*20 cm box and is compact. 

 

Figure 1. 7 TOPTICA terahertz spectrometer. [10] 

In 2017, K. Merghem et al. replaced the expensive fiber-optic femtosecond lasers 

with relatively low-cost monolithic semiconductor lasers and established a fiber-optic 

terahertz time-domain spectroscopy system. [11] The operating wavelength of this system 

is 1550 nm, which achieves a bandwidth of 0.6 THz and a signal-to-noise ratio of 45 dB. 

Fiber-optic terahertz time-domain spectroscopy systems not only exist in the 

laboratory but have also entered the international market. 

Picometrix, who introduced the world’s first commercially available T-Ray system 

T-Ray 2000, has already introduced T-Ray 5000. By using optical fiber, it has been made 

more compact on the basis of the original, and it has moved from the laboratory into 

industrial applications. The frequency bandwidth has also increased, and the sampling 

rate has reached 1 kHz, which has been declared the fastest in the world. [12] 

Fiber-optic terahertz time-domain spectrometers sold in the international market 

include TeraView (UK) TeraPulse 4000 [13], Ekspla (Lithuania) T-FIBER series [14] 

and Menlo (Germany) Tera K15 [15], TeraFlash of Toptica (Germany) [16]. There are 

no uniform standards for these terahertz spectrometer products, and the technologies used 

are different. Therefore, the spectral range, resolution, dynamic range, and signal-to-noise 

ratio of the terahertz time-domain spectrometers are all different. We summarizes these 

spectrometers in the following table. 
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Table 1. 1 Commercial Fiber Terahertz Time-Domain Spectrometer 
 

T-Ray 
5000 

TeraPulse 
4000 

TERA K15 T-FIBER series TeraFlash 

Time 2013 2015 2014 2012 2014 
Group USA UK Germany Lithuania Germany  

Picometri
x 

TeraView Menlo Ekspla Toptica 

Laser Ti: 
Sapphire 

Ti: 
Sapphire 

Er-doped 
fiber laser 

Femto-second 
fiber laser 

Femto-second 
fiber laser    

T-Light FC LightWire 
FF50 

FemtoFErb 
THz FD 6.5 

Wavelength 800 nm 790 nm 1560 nm 1064 nm 1560 nm 
Emitter and 

detector 
Fiber 

coupled 
PCA 

PCA Fiber 
coupled 

PCA 

Fiber coupled 
PCA 

Fiber coupled 
PCA 

Time 
window 

320 ps 1600 ps >850 ps 110 ps 200 ps 

Size 17.5*22*7 
inches 

702*645*
468 mm 

540*450*2
00 mm 

400*400*158 
mm 

180*450*560 
mm 

Bandwidth 0.2-2 THz 0.06-4 
THz 

4.5 THz >3.5 THz 0.1-5 THz 

SNR/DR >70 dB >4 OD 80 dB >65 dB >90 dB 
Scan rate 100 or 

1000 Hz 
30 scans/s 200 

waveforms
/s 

10 spectra/s 35 traces/s 

Resolution 3.1 GHz 1.2 cm-1 < 1.2 GHz < 10 GHz <5 GHz 

At present, the development trend of fiber-based terahertz time-domain 

spectroscopy systems is to use communication wavelengths of 1.5 μm to replace 800 nm 

lasers, with a signal-to-noise ratio of 90 dB being the highest in the world, and a spectral 

acquisition rate of 1000 Hz being the fastest in the world. The structure has dropped to a 

personal computer case size. At present, the technology still has room for improvement 

in some aspects, such as how to improve the signal to noise ratio in the high frequency 

part of the terahertz spectrum and the detection sensitivity of the system. The next 

generation terahertz spectrometers will target at wide-spectrum terahertz development, 

such as terahertz sources of up to ten or even tens of terahertz, miniaturization of the core 

components of spectroscopic instruments, cost reduction, and suitability for various 

applications. 
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The key technology for the development of optic-fiber terahertz time-domain 

spectrometers is the new type of photoconductive antenna substrate material with short 

carrier lifetime, high mobility, and high dark resistivity. The photoconductive antenna 

structure, packaging, heat dissipation, and integration forms, appropriate dispersion 

compensation, precise control of optical delay lines, weak signal noise reduction 

measurement techniques, and miniaturization of core components. 

1.3 Applications on Thickness Measurement 

Terahertz spectroscopy applications have been developed widely over decades. As 

for thickness measurement, terahertz spectroscopy can be used on inspection of 

aeronautics composite material [17], adhesion quality [18], painting on automobiles [19], 

thermos isolating coating in nuclear industry, anti-rusting coating on pipes, coating on 

pills in pharmacy [20]. 

Tetsuo Fukuchi et al. measured thickness of the topcoat of a thermal barrier coating 

from the reflected terahertz waveforms. [21] They determined the thickness by the time 

interval between reflections. The principle is shown in Figure 1. 8. However, this method 

needs successive reflections, i.e. it has drawbacks when measuring very thin coatings. 

  
Figure 1. 8 Multiple reflections of terahertz waves in the topcoat and typical reflected waveform 

[21] 

Masaaki Sudo et al. developed a non-destructive thickness measurement system in 

2016 [22]. The system is mounted on a robot arm and applied to non-destructive 

measurement for multilayer paint thickness on automotive parts. 
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Figure 1. 9 Schematic of terahertz emitter and detector. A DAST crystal is used as the terahertz 
emitter and a PCA is used as the terahertz detector. OPM off-axis parabolic mirror, DAST 4-

N,N-dimethylamino-4’-N’-methylstilbazolium tosylate, PPLN periodically poled lithium 
niobate, PCA photoconductive antenna [22] 

 

 

Figure 1. 10 Multilayer paint measurement with the PMU mounted on a robot arm scanning [22] 

They adopted terahertz time-of-flight thickness measurement method, taking 

advantage of the transparency of the materials used in automotive paint coats. 
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Figure 1. 11 Terahertz waveform reflected from a multilayer paint film [22] 

Soufiene Krimi et al. introduced a self-calibration model [19], taking into 

consideration of the challenges in real industry. Their method could measure multi-layer 

wet on wet automotive painting during the process. 

 

Figure 1. 12 A 3D thickness image of a four-layer specimen [19] 

J. L. M. van Mechelen et al. proposed a novel terahertz analysis approach [23]. This 

method treats the specimen as stratified system and describes the interaction of each 

interface with a realistic way. It provides accurate thickness. They described the material 

well with Drude–Lorentz parameterization, while other methods are generally used. 

Analysis in advance is needed to decide. 

Comparing to some traditional inspecting methods, terahertz spectroscopy has 

many advantages. Unlike ultrasound, eddy current, and induction, terahertz spectroscopy 
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is non-contact. [24]Furthermore, ultrasound, eddy current, induction, optic-thermal, and 

microwave are not applicable to multi-layer measurements. [25]Unlike x-ray or beta 

gauges, terahertz needs no radiation protection. Unlike optical coherence, terahertz can 

penetrate almost all dielectric materials. [26] The resolution of terahertz spectroscopy is 

higher than infra-red. 

1.4 Aim of This Thesis 

This essay aims at determining the thickness of a thin layer on a reflective substrate. 

First of all, terahertz radiation and terahertz time-domain spectroscopy was 

introduced. After that, methods to obtain the refractive index and layer thickness based 

on analysis of reflected terahertz wave are researched and presented in Chapter 1.  

Chapter 2 provides the theoretical background of the multi-layer modelling of 

incidence and reflection of terahertz wave at the specimen. Methods and analysis are 

illustrated as well as the fitting algorithm. Terahertz wave incident at the multi-layered 

model, and the transmission and reflection at the interfaces are described by Fresnel 

equations. The relationship between incident radiation and reflected terahertz wave is the 

model of transfer function. The unknow parameters in the transfer function model are 

obtained by fitting the time-domain curve, through which we get the thickness of the 

coating. Differential evolution algorithm is adopted for fast convergence and vast range 

search. 

Having this method, simulations to test and modify the algorithm are presented in 

Chapter 3. The simulation results prove the method applicable. 

After that, a new experimental setup is designed and presented in Chapter 4. The 

terahertz transmitter and receiver of the spectrometer are mounted on a guide. Terahertz 

wave is emitted and detected from the top, and the sample is placed on a platform below. 

This setup ensures the accuracy of the measurements and broadens application range. By 

using the setup, experiments are done to verify the method and algorithm. We performed 

experiments to measure the thickness of a sticker on a steel plate and oil on water. 
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Chapter 5 gives the results and discussion. The results show that the error for 

measurement of the sticker is low, and the thickness change of oil film and water level 

over time is in accordance with the physical principle of buoyancy. 

Finally, in Chapter 6, conclusions are drawn and following future works are 

mentioned. This research gives us a practical method for reflective terahertz spectroscopy. 

Additionally, the experimental setup and the consideration of change in liquid surface 

level contribute to the existing modelling knowledge. Both of them worth further 

investigation in the future. 
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Chapter 2    Theoretical Background 

The reflection of terahertz wave from the specimen can be detected by terahertz 

time-domain spectrometer. In this Chapter, we describe a terahertz thickness analysis 

approach, consist of multi-layer modelling, consideration of incident angle, a time-

domain based fitting procedure, an algorithm for convergence, and considerations about 

phase shifting. 

2.1 Single-Layer Model 

We can model the specimen as a multi-layer material. [23] For the case of the 

bilayer material system shown in Figure 2. 1, with the angle of incidence 𝜃 = 0, the 

reflected electric field 𝐸  can be calculated using the incident electric field 𝐸 ,  and the 

transfer function of the entire multilayer structure 𝑇  through 

 𝐸 (𝜔) = 𝑇 (𝜔) ∙ 𝐸 (𝜔) (2- 1) 

 

𝑇 (𝜔) = 𝑟 + 𝑡 ∙ 𝑟 ∙ 𝑡 ∙ 𝑒  

+𝑡 ∙ 𝑟 ∙ 𝑟 ∙ 𝑟 ∙ 𝑡 ∙ 𝑒  

+𝑡 ∙ 𝑟 ∙ 𝑟 ∙ 𝑟 ∙ 𝑟 ∙ 𝑟 ∙ 𝑡 ∙ 𝑒 + ⋯ 
 

(2- 2) 

Where, 

𝛽 = 𝜔𝑛 𝑑 /𝑐 is the phase shift accumulated in the layer k; 

𝜔 is the frequency of the radiation; 

𝑛  is the complex index of refraction of layer k, the definition is 𝑛 = 𝑛 − 𝑗𝑘 ; 

𝑑  is the thickness of layer k; 

𝑐 is the speed of light in vacuum; 

the transmission 𝑡  and reflection 𝑟  coefficients are: 

 
𝑡 =

2𝑛

𝑛 + 𝑛
 

 

(2- 3) 
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𝑟 =

𝑛 − 𝑛

𝑛 + 𝑛
 

 

(2- 4) 

In most of cases, the substrate, layer 3, is high reflective, for example, medal reflects 

more that 99.5% at 1 THz [1]. It is reasonable to model  𝑟 = −1. 

 

 

Figure 2. 1 Schematic representation of a light ray incident at a single layer coating 

In practice, the length of time window is known; it is impossible to measure all the 

reflected waves. The number of reflected waves can be estimate as 𝑎. 

The speed of light in the optical media is 

 𝑣 =
𝑐

𝑛
 (2- 5) 

And the time for one reflective wave needed is 

 ∆𝑡 =
2𝑑𝑛

𝑐
 (2- 6) 

Therefore, based on the time window, we can know how many reflective waves we 

can obtain in the time window roughly. 

Then the transfer function is: 

 
𝑇 (𝜔) = 𝑟 +

𝑡 ∙ 𝑟 ∙ 𝑡 ∙ 𝑒 ∙ 1 − 𝑟 ∙ 𝑟 ∙ 𝑒

1 − 𝑡 ∙ 𝑟 ∙ 𝑡 ∙ 𝑒
 

 

(2- 7) 

Where, 𝑎 is the number of waves in the time window. 

With films thin enough, the number of reflected waves 𝑎 → ∞, then the transfer 

function becomes 
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 𝑇 (𝜔) = 𝑟 +
𝑡 ∙ 𝑟 ∙ 𝑡 ∙ 𝑒

1 − 𝑡 ∙ 𝑟 ∙ 𝑡 ∙ 𝑒
 

 

(2- 8) 

However, in practical, we usually measure the reflection wave from bare substrate 

as reference rather than the incident wave. The phase of reflection wave is different from 

the incident wave, which gives rise to a phase shifting consideration. 

 

Figure 2. 2 A light ray incident at a single layer coating 

Thus, the transfer function becomes: 

 𝑇(𝜔) =
𝑒 ∙ ∙

𝑟
∙ 𝑇 (𝜔) 

 

(2- 9) 

Where, 

𝛽 = 𝜔𝑛 𝑑 /𝑐 is the phase shift accumulated. 

In the transfer function, the refractive index and thickness of the layer, 𝑛  and 𝑑 , 

are unknown. If we have the measurement of the reflected electric field 𝐸  and the 

incident electric field 𝐸 , , we can obtain 𝑇(𝜔) . With the model, we can fit the 

measurement curves to obtain the unknown parameters. 

2.2 Double-Layer Model 

For two-layer modelling, the idea [19] is to replace the Fresnel reflection coefficient 

with the complete transfer function of the adjacent layer 𝑙. 
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Figure 2. 3 Schematic representation of a light ray incident at a double-layer coating 

If we let 𝑙 denote the layer index, the transfer function is: 

 
𝑇 (𝜔) = 𝑟 , +

𝑡 , ∙ 𝑟 , ∙ 𝑡 , ∙ 𝑒

1 − 𝑡 , ∙ 𝑟 , ∙ 𝑡 , ∙ 𝑒
 

 

(2- 10) 

Now, we interpret the overlying layer 𝑙 − 1 again as a single layer with the simple 

transfer function like the previous layer 𝑙. 

 
𝑇 (𝜔) = 𝑟 , +

𝑡 , ∙ 𝑟 , ∙ 𝑡 , ∙ 𝑒

1 − 𝑡 , ∙ 𝑟 , ∙ 𝑡 , ∙ 𝑒
 

 

(2- 11) 

Therefore, we integrate the entire effects together and provide a full description of 

the multi-layer structure. 

 
𝑇 (𝜔) = 𝑟 , +

𝑡 , ∙ 𝑇 (𝜔) ∙ 𝑡 , ∙ 𝑒

1 − 𝑡 , ∙ 𝑇 (𝜔) ∙ 𝑡 , ∙ 𝑒
 

 

(2- 12) 

In the transfer function, the refractive indexes and thicknesses of the layers are 

unknown. We can use terahertz time-domain spectrometer to measure the time-domain 

reflective wave and get the reflected electric field 𝐸  and the incident electric field 𝐸 ,  

by Fourier transform. With the model of 𝑇 (𝜔), we can fit the measurement curves to 

obtain the unknown parameters. 
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2.3 Incident Angle 

When incident angle is considered, the incident angle 𝜃 is measured, and the angle 

𝛽 can be estimated by Snell’s law [27] for transparent materials. 

 
𝛽 = arcsin

𝑛 sin 𝜃

𝑛
 

 

(2- 13) 

The Fresnel equations at an interface are: 

 
𝑡 =

2𝑛 cos 𝜃

𝑛 cos 𝛽 + 𝑛 cos 𝜃
 

 

(2- 14) 

 
𝑟 =

𝑛 cos 𝛽 − 𝑛 cos 𝜃

𝑛 cos 𝛽 + 𝑛 cos 𝜃
 

 

(2- 15) 

Through fitting we can calculate the ray length in the material, but the thickness of 

the layer is: 

 𝑑 = 𝑙 ∙ cos 𝛽 
 

(2- 16) 

2.4 Model Complex Refractive Index 

The refractive index n is complex and frequency independent. It has a relationship 

with the dielectric constants of the specific material.  

 𝑛(𝜔) = 𝜖(𝜔) 
 

(2- 17) 

For different materials, an appropriate model for dielectric constants is chosen. For 

some cases, Drude–Lorentz model [23] is used. 

 
𝜖(𝜔) = 𝜖 +

𝜔

𝜔 − 𝜔 − 𝑖𝛾𝜔
 

 

(2- 18) 

Where, 

𝜖  is the high frequency limit of 𝜖(𝜔); 

𝜔  is the plasma frequency; 
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𝜔  is the characteristic frequency; 

𝛾 is the relaxation rate of excitation. 

 

For some other materials, especially liquid, Debye model [28] is usually used. 

 
𝜖(𝜔) = 𝜖 +

𝜖 − 𝜖

1 + 𝑖 ∙ 𝜔 ∙ 𝜏
 

 

(2- 19) 

Where, 

𝜖  is the high frequency limit of 𝜖(𝜔); 

𝜖  is the static dielectric constant; 

𝜏 is the characteristic time constant. 

Therefore, the parameters 𝜖 , 𝜔 , 𝜔 , 𝛾 or 𝜖 , 𝜖 , 𝜏 in the transfer function are to 

be find through fitting. 

2.5 Differential Evolution (DE) Algorithm 

For the least-squares fitting, there are many algorithms. Differential evolution (DE) 

algorithm [29] converges fast. I adopt this algorithm to fit the curve. 

Differential Evolution (DE) does a parallel direct search by using parameter vectors. 

The dimension of the parameter vector is the number of parameter to fit. People choose a 

population number for the vectors. The initial vector population is generated randomly 

covering the whole estimated parameter range. Then we do mutations by adding a 

weighted difference between two vectors to a third vector. The parameters in the mutated 

vector are then mixed with another vector, target vector, to get a trial vector. After that 

we compare the parameters in the target vector and the trial vector, and then select the 

one who gives lower error to the final function to be in the next generation. This is called 

evolution.  We keep this itineration until the final error fulfill the requirement. 
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2.6 Considerations About Substrate Water 

When we measured the layer of oil on water, oil is not evenly distributed on the 

water surface, i.e. the thickness of the oil film varies. Furthermore, the level of water 

surface changes when oil is added in. Thus, the phase shift accumulated in Equation (2- 

9)would change. However, the ray length changed is difficult to measure. We set it as 

another parameter to fit. In other words, the ray length in the transfer function 

 𝑇(𝜔) =
𝑒 ∙ ∙

𝑟
∙ 𝑇 (𝜔) 

 

(2- 20) 

Where, 

𝛽 = 𝜔𝑛 𝑑 /𝑐 is the phase shift accumulated; 

𝑑  is related to the change of water surface position, which is another unknown 

parameter for fitting. 

 

The parameters of water dielectric constants and refractive index applied in this 

essay are found in literature [30] . 

 
𝜖 (𝜔) = 𝜖 +

𝜖 − 𝜖

1 + 𝑖𝜔𝜏
+

𝜖 − 𝜖

1 + 𝑖𝜔𝜏
+

𝐴

𝜔 − 𝜔 + 𝑖𝜔𝛾
 

 

(2- 21) 

Where, 

𝜏 = 9.36 𝑝𝑠 

𝜖 = 80.2 

𝜖 = 2.5 

𝜔 = 5.6 𝑇𝐻𝑧 

𝛾

2𝜋
= 5.9 𝑇𝐻𝑧 

𝐴 = 38 𝑇𝐻𝑧  
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Figure 2. 4 The refraction index and absorption coefficient of water 
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Chapter 3    Simulation 

Before doing the experiments, simulations were applied to test and modify the 

algorithm. The algorithm was optimized for situations of applications. We first measured 

a reference terahertz signal with Picometrix T-Ray 2000 terahertz spectroscopy system in 

our laboratory. And then we model the specimen with known materials to calculate the 

theoretical transfer function. Through the theoretical transfer function, we calculated the 

theoretical reflected terahertz signal. Next, we added a noise on the theoretical reflected 

terahertz signal, modelling it as measured reflected terahertz signal. Therefore, with 

reference terahertz signal and measured reflected terahertz signal, we tested the algorithm 

by simulations. 

3.1 Single-Layer Model 

We measured the incident terahertz wave as the reference signal. 

 

Figure 3. 1 Reference Signal 



 
 

Chapter 3    Simulation 

23 
 

Firstly, we modelled the sample as a steel plate with a coating of ZnO. We used 

Drude–Lorentz model and modelled the material as ZnO, whose dielectric constants were 

found in the literature [31].  

 
𝜖(𝜔) = 𝜖 +

𝜔

𝜔 − 𝜔 − 𝑖𝛾𝜔
 

 

(3- 1) 

Where, 

𝜖 = 4 

𝜔 = 2𝜋 ∙ 25 𝑇𝐻𝑧 

𝜔 = 2𝜋 ∙ 12 𝑇𝐻𝑧 

𝛾 = 2𝜋 ∙ 1 𝑇𝐻𝑧 

𝑑 = 600 𝜇𝑚 

The refractive index and absorption coefficient are shown in the following figures. 

 

Figure 3. 2 Refraction Index and Absorption Coefficient of ZnO 

From the results we can see that the refractive index is about 2.9 under 3 THz. We 

use the data to estimate that there would be 3 reflected waves in our time window, 40 ps. 
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Therefore, we can calculate the transfer function, the magnitude of the transfer function 

is shown in the following figure. 

 

Figure 3. 3 Magnitude of The Transfer Function 

After that, we can calculate the theoretical measured signal base on our model, as 

it shown in the following figure. There are three reflective measured in the time window, 

which is accordance with our expectation. And the time intervals between successive 

reflections also reflect the thickness of the coating layer. 
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Figure 3. 4 Reference Signal and Modelled Signal in Time Domain 

Then we simulated the measured signal by adding a white Gaussian noise on the 

model signal, and the signal-to-noise ratio (SNR) was 50 dB. 

Having the reference and sample signals, there are five parameters in the transfer 

function to be find through fitting: 𝜖 , 𝜔 , 𝜔 , 𝛾, 𝑑 . We adopted DE algorithm to fit the 

measured curve and fit the measured curve with the least-squares of error between the 

fitting curve with the measured curve. As it shown in the following figure, the curve of 

time-domain signal fits well. 
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Figure 3. 5 Fitted Time-Domain Signal 

Finally, after iterations the group of the fitting results are shown in the following 

table. 

Table 3. 1 Parameters comparison of fitting 

Variable Fit Model 

𝜖  4.0039 4 

𝜔  (𝑇𝐻𝑧) 158.06 157.08 

𝜔  (𝑇𝐻𝑧) 73.383 75.398 

𝛾 (𝑇𝐻𝑧) 7.9729 6.2832 

𝑑 (𝜇𝑚) 589.32 600 

Because in DE algorithm, the fitting parameters are generated randomly under the 

limitations, the results are different every time. The thickness we finally obtained is 

accurate, the error is 1.8%. The results of  dielectric constants are also reasonable. 



 
 

Chapter 3    Simulation 

27 
 

 

Figure 3. 6 Fitting results of refraction index and absorption coefficient 

The curve fitting and parameters calculation show a good result for the method. 

3.2 Double-Layer Model 

We also tested the algorithm for two-layer materials on a medal substrate. The 

sample is modelled as a steel plate with a layer of ZnO coating on it and another layer of 

CS2 on the top of ZnO coating. 

We modelled the first layer as CS2, using Debye model. The dielectric constants 

[28] are set to the model. 

 
𝜖(𝜔) = 𝜖 , +

𝜖 , − 𝜖 ,

1 + 𝑖 ∙ 𝜔 ∙ 𝜏
 

 

(3- 2) 

Where, 

𝜖 , = 2.511 

𝜖 , = 2.62 

𝜏 = 600 𝑓𝑠 

𝑑 = 900 𝜇𝑚 



 
 

Chapter 3    Simulation 

28 
 

We modelled the second layer as ZnO with Drude–Lorentz model. The dielectric 

constants were found in literature [31], and set as follows. 

 
𝜖(𝜔) = 𝜖 , +

𝜔 ,

𝜔 , − 𝜔 − 𝑖𝛾 𝜔
 

 

(3- 3) 

Where, 

𝜖 , = 4 

𝜔 , = 2𝜋 ∙ 25 𝑇𝐻𝑧 

𝜔 , = 2𝜋 ∙ 12 𝑇𝐻𝑧 

𝛾 = 2𝜋 ∙ 1 𝑇𝐻𝑧 

𝑑 = 900 𝜇𝑚 

The dielectric constants, and the complex refractive index are calculated. 

 

Figure 3. 7 Refractive index and absorption coefficient of layer 1 
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Figure 3. 8 Refractive index and absorption coefficient of layer 2 

After that, we can calculate the transfer function and the theoretical measured signal 

base on our double-layer model. 

 

Figure 3. 9 Reference signal and modelled signal in time domain 
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Then we simulated the measured signal by adding a white Gaussian noise on the 

model signal, and the signal-to-noise ratio (SNR) was 50 dB. 

 

Figure 3. 10 Fitted time-domain signal 

Finally, one group of the fitting results are: 

Table 3. 2 fitting results for the layers 

 Layer 1   Layer 2  

Variable Fit Model Variable Fit Model 

𝜖  2.4652 2.511 𝜖  3.6870 4 

𝜖  2.5782 2.62 𝜔  (𝑇𝐻𝑧) 155.97 157.08 

𝜏 (𝑓𝑠) 600.35 600 𝜔  (𝑇𝐻𝑧) 73.273 75.398 

𝑑 (𝜇𝑚) 906.75 900 𝛾 (𝑇𝐻𝑧) 3.3362 6.2832 

   𝑑 (𝜇𝑚) 907.22 900 

The error of thickness is 0.8%. 

The error of the thickness measurement of double-layer model looks less than 

signal-layer model. However, it doesn’t mean that more layers make less error. Many 

times of test and many groups of results we got in the simulation show that the error varies 

with the random noise and the random search in DE algorithm.  
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3.3 Phase Shift 

In practical situations we usually measure the reflection from bare substrate as 

reference. Thus, considering the phase shifting, the phase of the first reflective wave in 

the sampled time-domain signal leads the reference signal. 

The theoretical reflected terahertz signal was calculated and shown in the following 

figure when the reference signal was considered as the reflection by the bare steel plate 

substrate. The first reflective wave by the surface of first layer leads the reference signal 

as we expected. And the time intervals of the reflective waves reflects the thickness of 

the coating layer. 

 

Figure 3. 11 reference signal and modelled signal in time domain 

The transfer function changes, but the fitting parameters are the same. The fitting 

results are shown in the following table. 

Table 3. 3 Fitting Results Comparison 

Variable Fit Model 

𝜖  4.5262 4 

𝜔  (𝑇𝐻𝑧) 157.25 157.08 
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𝜔  (𝑇𝐻𝑧) 77.608 75.398 

𝛾 (𝑇𝐻𝑧) 4.6749 6.2832 

𝑑 (𝜇𝑚) 589.73 600 

Because in DE algorithm, the fitting parameters are generated randomly under the 

limitations, the results are different every time. The thickness we finally obtained looks 

accurate, the error is 1.8%. And the results are accordance with the premier tests. 

3.4 Analysis 

Through the simulations, we tested and modify the algorithm. The agreement of the 

results confirms the development of the method. 

From the mathematical perspective, however, if Drude-Lorentz model is adopted 

to describe the dielectric constant of the material, it is very important to have pre-

knowledge of the material parameters, in other words, to have relatively accurate initial 

values. We did several experiments and analysis to this problem.  

For unknow materials measurement, the initial value can be measured with other 

methods. For example, we tried to measure the dielectric parameters with transmission 

terahertz time-domain spectroscopy. However, the bandwidth of the spectrometer is 

limited. For example, the material ZnO has a powerful absorption at frequency 12.42 THz 

due to transverse optical phonon resonance [31], which lies out of the bandwidth of our 

terahertz time-domain spectrometer. Thus, it is unlikely to measure this parameter 

accurately in Drude-Lorentz model with this method. People can use other analysis to get 

the material parameters before applying this thickness measurement, but it is out of the 

topic in this research. 

On the other hand, Debye model gives good results both in parameter measurement 

with transmission spectroscopy and thickness measurement with reflection spectroscopy 

due to the less number of unknown parameters in the model. Furthermore, DE algorithm 

allows fast convergence searching for solutions in a large range. The fitting range of the 

parameters can be set large enough for vast area of materials. This method would give 

results about the material parameters and the thickness of the coating together. Besides, 
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in most cases, Debye model gives accurate theoretical prediction for dielectric constants. 

For example, liquid specimen is well described by Debye model. 

Therefore, through the simulations, tests, and analysis, we conclude that this 

algorithm works well for measurement of thickness for unknown materials, based on 

which we designed and performed experiments. 
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Chapter 4    Experimental work 

Having this method, we measured the thickness of a sticker on a steel plate. This 

method calls for accurate phase measurement, the original experimental setup is not 

suitable because it very difficult to ensure the measuring conditions same between 

reference signal and specimen signal measurements. Therefore, we designed a new 

experimental setup. This setup can broaden the application range, for example, it allows 

measurement of liquid. We also measure the thickness of oil film on water surface, and 

the phase shifting fitting method becomes important. 

4.1 Experimental setup 

T-Ray 2000, a product of Picometrix Inc., was applied for the experiments. This 

system is a compact, fiber-pigtailed terahertz spectroscopy system for commercial use. 

The heart of the system consists of two fiber-pigtailed hermetically sealed transmitter and 

receiver. Optical fibers and electronics accessories attach the cases to a control box, 

containing the computer-controlled optical delay and other monitors. Controlling the 

system and data taking is accomplished by a computer software. 

We designed and manufactured a stage. It allows transmission and reflection mode 

spectroscopy. The terahertz transmitter and receiver are mounted on sliders respectively, 

and their positions are adjusted on a semicircular guide. The height of the stage can be 

adjusted, and there are scales on the plane through which the angle can be read. 

( a ) ( b ) ( c ) 
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Figure 4. 1 ( a ) Front view; ( b ) Axonometric; ( c ) Detail image of the scales 

The size and dimension of the parts and the distances of the lenses are customized 

for the transmitter and receiver. The optical path is carefully designed. The focus of the 

lenses falls at the center of the guide’s circle, and slotted holes are designed for fine tuning. 

This experimental setup could help us with accurate positioning between the sample 

and reference more conveniently, and it allows measurement of liquid specimen. 

4.2 Reflective Measurement 

4.2.1 Stickers on steel plate 

Having this experimental setup, we measured the thickness of a sticker on a steel 

plate. The reflected terahertz wave by bare steel plate is the reference signal, while the 

specimen signal is reflected by the sticker area. The time-domain terahertz signals were 

measured by T-Ray 2000 terahertz spectroscopy system. 

 

Figure 4. 2 Four stickers on a steel plate 

The time-domain terahertz waves are shown in the following figures. 
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Figure 4. 3 Terahertz signal of yellow sticker in time domain 

 

Figure 4. 4 Terahertz signal of red sticker in time domain 
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Figure 4. 5 Terahertz signal of black sticker in time domain 

 

Figure 4. 6 Terahertz signal of green sticker in time domain 

After fitting, we can obtain the results of thickness. 
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4.2.2 Oil on water 

The reference signal is the reflected terahertz wave by the water surface. After 

reference signal measured, we added 1 mL oil on water surface with an injector. The inner 

diameter of the container is 64.6 mm; thus, the oil film would be about 305 µm if it 

distributed evenly on the water surface. However, it can be observed that the oil isn’t 

evenly distributed on the surface of water due to surface tension, and the distribution 

changes over time. It can also be observed in the time-domain terahertz waves measured 

at different times. 

 

Figure 4. 7 Experimental Setup for Measurement of Oil on Water 
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Figure 4. 8 Terahertz waves in time domain measured at different times 

After fitting, the results of oil film thickness and the water level changes are 

obtained.  
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Chapter 5    Results and discussion 

5.1 Stickers on steel plate 

Single-layer model is used for modelling the layer, and Debye model is used for 

modelling the refractive index. After fitting we get the fitting results of the time-domain 

terahertz waves, they are shown in the following figures. 

 

Figure 5. 1 Fitting results of time-domain wave of the yellow sticker 
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Figure 5. 2 Fitting results of time-domain wave of the red sticker 

 

Figure 5. 3 Fitting results of time-domain wave of the black sticker 
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Figure 5. 4 Fitting results of time-domain wave of the black sticker 

The experiment fitting results of the thickness are summarized in Table 5. 1.  

Table 5. 1 Fitting Results of The Sticker 

Sticker 

Thickness 
measured by 
micrometer 

(𝜇𝑚) 

Thickness 
measured by 

fitting 
(𝜇𝑚) 

Error 

Yellow 216 209.94 -2.8% 
Red 208 202.81 -2.5% 

Black 182 175.15 -3.8% 
Green 198 204.64 3.4% 

Compared with the thickness of the stickers measured by a micrometer, the errors 

of the thickness are no more than 4%. The stickers are not very hard; thus, when measured 

by a micrometer, the readings of the thickness would also give errors. Therefore, the 

measurement by our terahertz time-domain spectroscopy method is applicable. The fitting 

results would provide us a satisfactory fit of dielectric constants or refraction index, but 

the parameters may not have any physical meaning for mixtures like stickers. 

Nevertheless, the results provide references for further material analysis. 
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5.2 Oil on water 

As for oil thickness on water surface, phase shifting caused by water surface level 

change has to be considered in the algorithm. Single-layer model is used for modelling 

the layer, and Debye model is used for modelling the refractive index. After fitting we get 

the fitting results of the time-domain terahertz waves, they are shown in the following 

figures. 

 

Figure 5. 5 Fitting results of time-domain wave measured after 1 minute 
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Figure 5. 6 Fitting results of time-domain wave measured after 3 minutes 

 

Figure 5. 7 Fitting results of time-domain wave measured after 7 minutes 
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Figure 5. 8 Fitting results of time-domain wave measured after 16 minutes 

The results of oil film thickness and the water level changes are shown in Table 5. 

2. The change of water level reflects the difference between the water level when 

measuring the reference signal and sample signal. 

Table 5. 2 Results of Thickness 

Group 1 2 3 4 

Thickness Fit (𝜇𝑚) 887 701 548 482 

Change of Water level (𝜇𝑚) 236 198 135 105 

As time goes on, the thickness of oil film becomes thinner and thinner, which 

reflects the fact that the oil spreads on the surface of water. Meanwhile, the change of 

water level becomes thinner, which is accordance to the physical principle of buoyancy. 

The volume of displaced fluid doesn’t change, but as the oil spreads, the area increases, 

and the water level drops. 
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Chapter 6    Conclusions and proposal for future work 

This research confirms the previous findings and gives us a practical method for 

reflective terahertz spectroscopy. Additionally, the experimental setup extends the 

application area for terahertz spectroscopy. Besides, the consideration of phase shift about 

liquid substrate contributes to existing modelling knowledge. 

As it illustrated in the simulation part, the results are accurate; therefore, the 

modelling and fitting method is applicable. When applying this method to the 

experimental work, we usually set the fitting parameters to cover most practical cases for 

unknown materials. DE algorithm allows fast convergence for searching results in a large 

range. The parameters may not have any physical meaning for mixtures; nevertheless, the 

results provide references for further material analysis. 

The newly designed experimental setup provides opportunities for more 

applications. It not only makes it easier to measure coating on solid substrate, but also 

allows measurements for liquids. The experiments get good results. Moreover, this study 

also enhanced our understanding for liquid substrate. The problem of unknown phase 

shift caused by level change is solved. The algorithm innovatively introduces an unknown 

variable of the position of the liquid surface, making it possible to measure the thickness 

of oil contamination on the surface. 

From this research we have developed a method for thickness measurement with 

reflective terahertz time-domain spectroscopy as well as a set of experimental setups. This 

study will serve as a base for future studies. 

A number of new applications can be considered. First of all, real-time monitoring 

for oil pollution over vast area open water, like oceans, can be developed by the 

measurement of oil thickness on water surface. Besides, some improvement on the 

experimental setup can be developed. We can apply electric displacement platform and 

rotating platform to build 3D measurement setups. With more development on algorithm 

and system, terahertz spectroscopy imaging system can be built. We can also have more 

research about algorithm and other modelling methods, making the calculation faster and 
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more accuracy. In our common cases, Debye model is applied, while there are other 

models such as Gaussian, Fano, or Tauc–Lorentz. Analysis of the materials inspected in 

advance is needed according to the interactions with terahertz radiation. 
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